Abstract. We developed a software tool for pre-operative simulation and planning, and intra-operative guidance, of minimally invasive tumor ablation, including radiofrequency-, laser-and cryo-therapy. This tool provides a pre-and intra-operative optimization of the treatment plan, in order to avoid dangerous probe trajectories, undertreatment of the tumor, and excessive ablation of healthy tissues. The simulation is performed within a virtual operating-room consisting in essence of the patient's segmented anatomy from pre-or intraoperatively acquired MR scans. Virtual probes can be placed into this scene and at the formation of ablated tissue at their tips can be simulated. To verify the simulated treatment plans, we introduced an objective quality measure which also enables a semi-automated optimal probe placement. To show the use and to underline the importance of our tool, we investigated a cryo-therapy case which did not succeed. We show that our software would have predicted the failure of the chosen treatment plan and how it could have increased the e cacy of the procedure.
Introduction
Recent developments in interventional imaging, such as interventional MRI 1] , have opened a vast range of promising medical applications. For example, several techniques for minimally-invasive percutaneous tumor ablation have been developed; some relying on heating (focused ultrasound, laser or radiofrequency) and some on freezing (cryo-therapy) the tissue to kill the cells. The immune system then removes the ablated tissue from the body.
We have placed the emphasis of this paper upon cryo-therapy. Nevertheless, the generalization to other minimally-invasive ablation techniques is straight forward and some important aspects will be explained for both cryo-and radiofrequencyablation.
Limitations of Conventional Planning
In tumor ablation, the radiologists try to cover the arbitrarily shaped tumor with a given number of discrete objects of approximately known shape, representing the critical ablation temperatures for killing cancerous cells. In cryotherapy, the temperatures within the tumor should nowhere be above, and for thermo-ablation below, this bound. For interstitial tumor ablation, the cooling, respectively heating source is located on the tip of a needle-like probe which is percutaneously inserted through a catheter into the tumor.
The safety and success of a treatment plan depends mainly on the three following points:
1. Choosing secure probe trajectories. 2. Ablating all the cancerous cells.
3. Killing as little of the surrounding healthy tissue as possible.
Unfortunately it is very di cult to nd the treatment plan that optimizes these three central factors when the radiologists have to rely only on 2D-slices of pre-and intra-operative MR-scans. In such data, the important 3D shapeinformation of the di erent anatomical objects (for example the tumor) and their mutual positions is not e ciently visualized.
Improving the Planning Process
The presented tool provides several features to improve the planning process for minimally-invasive percutaneous tumor ablation. Segmented MR scans enable a 3D view of the patient's anatomy and virtual needles visualize e ciently the probe's trajectories (optimize point 1 above). We also simulate and visualize the frozen tissue at the tip of the probes. An objective quality measure optimizes and classi es the simulated treatment plans according to point 2 and 3 above.
Results are presented in the context of liver cryo-therapy ( 2] ). We show how our tool can optimize secure probe trajectories and placements while avoiding undertreatment of the tumor.
Methods
The main functions of the tool are a 3D visualization of the patient's anatomy, a simulation of the probes and the frozen tissue, and a semi-automated optimization minimizing an objective quality measure to assess probe placement.
Visualization
To have a variety of visualization modes at the radiologist's disposal, we added our planning and simulation tool into an existing software package, called the 3D Slicer ( 3] ). In this way, our planning tool can be used in conjunction with all the standard functionalities of that program. Let's shortly summarize its main features:
{ The visualized 2D slices of 3D MR scans can be arbitrarily oblique, or orthogonal and oriented relative to either the coordinate frame of the scanner or the tracked surgical instrument.
{ Di erent MR scans (e.g. SPGR, T2-weighted MRI, etc.) can be registered and visualized simultaneously or separately.
{ Surface models representing the patient's anatomy can be generated from segmentations of MR scans and visualized in a 3D scene.
{ Surgical instruments can be tracked and visualized in the 3D scene of the patient's anatomy.
The 3D Slicer implementation uses primarily the \V isualization Toolkit" library (VTK, 7] ) and the \Tool C ommand Language/graphical user interface Toolkit" scripting language (Tcl/Tk, 8]). We used the same programming environment and simply added the necessary VTK-lters and Tcl-commands.
Simulation
To simulate the intervention, we combined needle-like VTK-objects representing the probes with VTK-objects representing the frozen or ablated tissue ( Figure  1 ). The radiologist can add these models into the virtual scene of the 3D Slicer in which the segmented and grayscale data of the patient are also visualized. A powerful visualization is therefore straightforward and, depending on the speci c case, it is possible to place any number of probes into the virtual 3D scene (Figure 3 ).
The virtual probes: So far we have implemented a cryo-probe consisting of one single needle (Figure 1a) , a radiofrequency probe with one needle and a radiofrequency probe with three needles, called a cluster ( Figure 1b) . As 3D Slicer uses a world coorindate system in millimeter-space, the parameters for the virtual probes are simply given by the parameters of the real probes. This also facilitates the modi cation of speci c simulation-parameters or the addition of other models to the list of virtual probes according to technological and scienti c progress.
The frozen, or ablated, tissue: To get a reasonable representation of killed tissue during cryo-ablation, we used the following hypothesis that has historically also guided radiologists carrying out interventions:
Hypothesis: Apart from the 0.5cm outer rim of the formed iceball, all the cells inside the frozen region are killed during cryo-therapy.
The outer cells are simply lying too far away from the cooling source, implying too high temperatures for cell death. Two important statements are equivalent to this hypothesis. First, the shape of the zone representing the killed tissue is the same as the shape of the formed iceball, but smaller. Secondly and equivalently, the radiologist should freeze an additional 0.5cm margin around the tumor to kill all the cancerous cells. We decided to take the second point of view and to simulate the iceballs during cryo-therapy and not directly the killed tissue, but a) b) Fig. 1 . In a) we show a virtual cryo-probe including the elliptic iceball and a needle. The image in b) shows a radiofrequency cluster consisting of three needles and a spherical ablation model. to require the coverage of an additional 0.5cm margin around the tumor. This approach is more compatible to MR guidance, as MR images can visualize the iceballs but not the ablated tissue directly.
In order to visualize the additional 0.5cm margin around the tumor, we implemented a VTK lter that dilates the segmented tumor. The result is then added at the appropriate position to the 3D-scene of the 3D slicer.
We also aimed to simulate the formation of the iceball during cryo-therapy. 4] and 5] have performed studies to describe the iceball-shape during cryo-ablation. Their results as well as our own studies have shown elliptic to teardrop-shaped iceballs for a single probe. Therefore we used ellipsoids to model the frozen zones at the tip of each needle (Figure 1a) . The speci c parameters were assessed from MR images of several previous cryo-cases showing the iceballs at the end of the freezing cycle. The speci c parameters vary for di erent probes, as e.g. the iceball size depends on the cooling rate and therefore on the probe diameter.
For radiofrequency ablation, we simulate directly the killed tissue and therefore no additional margin has to be simulated. The appropriate model for the ablated zone is spheres, as indicated by previous radiofrequency cases ( Figure  1b ).
Optimization
As well as the visual veri cation of a simulated probe setup, we also provide a more objective quality measure. Such a medically relevant measure has to re ect the following two central factors:
1. How much of the tumor is ablated with a chosen setup. Therefore we have to calculate the percentage of the tumor (including the additional 0.5cm margin) that would be lying within the simulated iceballs.
2. Furthermore it's important to know how much healthy tissue would also be killed with a speci c treatment plan. This is done by calculating the volume of the simulated iceball that is not covering cancerous but instead healthy tissue.
A good setup would maximize the rst value (the volume of ablated cancerous tissue) and minimize the second (the volume of killed healthy cells). We developed a mathematical expression that re ects these factors and allows the radiologists to use a semi-automated setup-optimization and selection. The potentially optimal setup is found by looking for the vector x that minimizes the measure I(x). is a very important factor that weighs the two somewhat contradictory terms of minimizing V 1 and maximizing V 2 . has to be chosen carefully, depending on the speci c medical application. For example in brain tumor ablation, it's very important to minimize the ablated healthy tissue, so we would choose a close to 1. On the other hand, can lie much closer to 0 for liver tumors. de nes the bounds of the admissible optimization space and should describe an anatomically possible window for probe trajectories (e.g. we can't pass through any bones, even if the tumor ablation would be more optimal for such a setup).
The optimization algorithm uses primarily a VTK lter for boolean subtraction and reunion of polygonal datasets, a second VTK lter to calculate volumes of polygonal datasets and the \Powell" optimization algorithm from 6].
The combination of visualization, simulation and optimization results in an interactive planning tool for minimally invasive tumor ablation. In practice the radiologists can drag and rotate the probes (so far cryo-or radiofrequency probes) into an initial setup within the patient's segmented anatomy and then start the optimization algorithm to improve the probes' placement. The interventional radiologist can also get an objective quality measure to decide if e.g. an additional probe should be used to increase the likelihood of complete tumor ablation. a) b) Fig. 2 . In gure a) we show the tumor (arrow) in a pre-operative T2-weighted FSE. In b) we can see the ablated area as a dark, ellipsoidal zone. But we also recognize that during the last three months, an outer rim of cancerous cells (arrow) grew around the initial tumor.
Results
We applied our planning tool to analyze the failure of a previously performed cryo-therapy case. In Figure 2a we see an axial slice of the pre-operative T2-weighted fast spin-echo (FSE) MR scan of the abdomen. The arrow points at the tumor. In 2b, a slice of the 3-month follow-up scan (same modality) is shown. Unfortunately the tumor had re-appeared (arrow) and had grown very quickly around the e ectively ablated zone. The analysis of this case was very important as the radiologists were convinced of having completely frozen the whole tumor including the additional 0.5cm margin. In consequence, some concerns about the frequently used hypothesis above arose. So we checked if, because of the failure of this treatment, the hypothesis has e ectively to be questioned and, if not, to propose a safer treatment plan.
Simulating the Treatment Plan
In Figure 3a and b, we simulate the setup that was chosen by the radiologists. This is easily possible as the treatment was performed under near-realtime MR guidance and interventional MR scans enable the visualization of the probes and of the growing iceballs.
During pre-operative planning such a 3D view indicates if, for a certain setup, the probes are getting too close to important anatomical structures, such as main vessels or the gallbladder. Furthermore, a chosen probe might be too short to e ectively reach its predetermined position in the tumor, and the radiologist can decide to take a longer probe.
In a next step, we wanted to visualize the simulation of ablated tissue as described in section Simulation. This is shown in Figure 4a , where the simulated iceball of the chosen setup is in red and the tumor, including the 0.5cm margin, in brown. Volume calculations indicate that just about 63% of the necessary volume are frozen in this setup. To increase this rather poor value, we applied our optimization algorithm for this setup. The frozen volume increases to 74% of the tumor volume (including margin).
A visual interpretation of Figure 4a indicates that the tumor was undertreated with the chosen probe setup. The calculated percentage of killed cancerous tissue (63%) con rms this estimation. Even after optimization, the ablation would still be insu cient (74%). Therefore the use of more cryo-probes is suggested.
Improving the Treatment Plan
In order to increase signi cantly the percentage of ablated cancerous tissue, we had to add two more probes to the scene. In Figures 3c, d and Figure 4b , we show the results. For this setup and after optimization, our measure indicated that 92% of the necessary volume would be frozen. The new setup would have increased the likelihood of successful tumor ablation for this patient.
Checking the Iceball Simulation
To check the quality of our iceball simulation, we superimposed the simulation and the real iceball that was segmented from the intra-operative MR scan at the end of the freezing cycle. The result is shown in Figure 4c (real iceball is shown in white and translucent, and the simulated iceball in red).
The ellipsoids simulate nicely the rough shape of the real iceball. But smaller details of the frozen region are not present in our estimation.
Post-operative Analysis
At the end of the freezing cycle, the radiologist can check if the performed treatment has most probably been successful. Such an analysis estimates also the quality of our simulation and checks its predictions. We superimposed the segmented iceball at the end of the freezing cycle with the tumor. The result is shown in Figure 4d , and re-con rms the result of our simulation: the tumor has been undertreated.
Discussion
The planning tool described here was able to explain the failure of a cryo-therapy case. In particular, even though the hypothesis above has still not been proven to be correct, its possible incorrectness can not be inferred from the failure of the presented case. Our tool will help to check and, if necessary, to reformulate this very important hypothesis.
We have also presented the di erent capabilities of the software to minimize the risk of failure: { Within the visualization package 3D Slicer, we can provide easily interpretable 3D visualizations of the patients' anatomy.
{ Virtual needles and iceballs can be added to the virtual scene. This can ensure the safety of speci c insertion directions of the probes and a good choice of the probe (e.g. its length). It improves also the visual quality estimation of a speci c setup.
{ The addition of an objective quality measure and a semi-automated optimization algorithm minimizes the danger of failure.
With these features, the tool was also able to propose a better probe setup which would have increased signi cantly the likelihood of success.
There are also some very important improvements necessary to make this tool widely used:
{ We are using the models of Figure 1 to simulate the ablated volumes. These rough estimates are based on a limited number of cases and should be re ned in the future. For example, the use of several probes does not necessarily result in the same iceball as the union of several single-probe iceballs.
{ The optimization algorithm should be improved. For example a parallel implementation would signi cantly reduce calculation time. So far it takes up to 15 minutes on a 440MHz UltraSPARC-IIi Ultra 10 Workstation with 512MB RAM to optimize the placement of two cryoprobes (presented case). It is also desirable to determine the optimization space (Equation 2) through the anatomical objects in the virtual scene and not explicitly by the radiologists. { It would be very desirable to combine the tool with a non-rigid registration algorithm ( 9] ), so that the pre-operative planning can be adjusted to the patient's position in the interventional MR ( 11] , 10]).
Conclusion
The results of this analysis underline the importance of a planning tool having similar functionalities as the presented software. We have shown that this tool has a signi cant potential to help interventional radiologists before and during image guided interstitial tumor ablation. We have concentrated upon cryotherapy, but other medical applications would be radiofrequency-, laser-or focused ultrasound ablation. The implementation can be done in complete analogy to cryotherapy, and in fact, radiofrequency has already been added to the presented package.
We are convinced that the combination of the presented planning tool with segmentation, non-rigid registration and interventional imaging, has the potential to improve signi cantly the quality of image guided percutaneous tumor ablation. The general aproach of pre-operative simulation and automated optimization has an even wider range of potential applications. For example for brachytherapy similar approaches have already been developed ( 12] ) and are used successfully. This 3D visualization would indicate undertreatment of the tumor (tumor, including margin, is shown in brown). Volume calculations estimate that only about 63% of the tumor would be killed. In b) we propose a setup that increased the percentage of killed cancerous tissue to about 92% of the whole tumor volume. In image c) we compare our iceball simulation (red) to the real iceball (white and translucent) and see that the simulation is pretty good, though not perfect. In d), we have superimposed the tumor (yellow) and the real iceball at the end of the freezing cycle (white). Even without the 0.5cm margin, the tumor has not been completely frozen.
